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WATERLOGGING: 
how it reduces plant growth and how 
plants can overcome its effects 
By Tim Setter, Senior Lecturer, School of Agriculture, The University of Western Australia and 
Bob Belford, Research Officer, Crop Science Branch, Department of Agriculture, South Perth 
Lack of oxygen is the major cause of limited plant 
growth in waterlogged soils. 
When soils become waterlogged less gas diffuses to 
and from the roots through the soil pores; there are 
changes in concentrations of mineral elements in 
soil solutions; and toxic products of roots and soil 
microorganisms begin to accumulate. These changes 
adversely affect germination, growth and develop-
ment of plants. 
Rice is well adapted to waterlogging because it 
contains continuous gas-filled spaces (aerenchyma) 
which increase the oxygen supply to the growing 
root tips. Wheat can partially adapt to waterlogging 
by changing its root structure and metabolism, but 
field peas and clover are unable to adapt and do not 
tolerate zvaterlogged soils. 
An understanding of how waterlogging reduces 
plant growth and how plants can overcome these 
effects is important in developing efficient manage-
ment for soils and plants and for plant breeding 
programmes. 
Changes in the soil environment 
Gas spaces in most well-drained soils make up 
10 to 60 per cent of the soil volume, and 
various gases diffuse rapidly into and out of 
the soil (Figure 1). When soil is waterlogged 
most of this space becomes filled with water, 
and the metabolism of roots and microorgan-
isms consumes the available oxygen and 
produces carbon dioxide. 
Gases diffuse through water about 10,000 times 
more slowly than through air (Armstrong, 
1979), so the concentrations of gases which are 
consumed, such as oxygen, will decrease, 
while those of gases which are produced, such 
as carbon dioxide, will increase. This slower 
movement of gas in soil solutions during 
waterlogging also results in increased concen-
trations of other gases which may be harmful 
(Table 1). These include methane, hydrogen 
sulphide and the gaseous plant hormone 
ethylene. 
Gungurru lupin grown in well drained (left) or in 
waterlogged soil (right) for 20 days. Roots of well drained 
plants were 60 cm long. 
oxins 
denitrification 
leaching 
(A) Well drained (B) Waterlogged 
Figure I. In well drained soils (A) gases diffuse through the spaces between 
particles of soil thus supplying oxygen for respiration (energy production) of 
roots and allowing the products of respiration (carbon dioxide) to escape. 
During waterlogging (B) the diffusion of gases is reduced 10,000 fold in ivater. 
Oxygen used by roots and microorganisms becomes deficient, while carbon 
dioxide and other gases produced accumulate (modified from Jackson and Drew, 
1984). 
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The rates of change in concentrations of soil 
gases during waterlogging depend on how fast 
roots and microorganisms are growing, which 
is directly related to soil temperature (Table 1), 
but may also be influenced by salinity, organic 
matter and pH. Generally, each 10°C drop in 
temperature reduces the rate of change in gas 
concentrations by two to three times. 
Oxygen is needed to produce energy for 
growth during the breakdown of organic 
compounds. This process is called respiration. 
When the oxygen is depleted from soil, the 
roots and aerobic microorganisms lose almost 
all capacity to produce energy; hence they stop 
growing and may die. 
Subsequently, the anaerobic bacteria (which do 
not need oxygen to grow) proliferate because 
they can still generate energy by consumption 
of organic compounds using substances other 
than oxygen in the soil, such as microelements. 
The microelements used by anaerobic bacteria 
become many times more soluble, and can 
increase to toxic levels in waterlogged but not 
in well drained soils (Table 1). 
Breakdown of organic matter by microorgan-
isms may also result in increased concentra-
tions of toxic organic acids. 
Table 1. Chemical changes in soils during waterlogging. Chemical changes were 
measured in soils from Muresk, WA ( • ) and the Philippines ( • ) or they were 
estimated from soil reduction status and known changes which occur at pH 7 
(Marschner, 1986). 
Time (days) 
10 20 30 
Chemical change in soil 
(Waterlogging starts) 
Oxygen decreases 
Carbon dioxide increases 
Ethylene (C,H4) increases 
Absence of oxygen 
Manganese ( M n : ) increases 
Nitrate (NO,) disappears 
Iron (Fe2) increases 
Hydrogen sulphide (H,S) appears 
Methane (CH4) appears 
(Long term waterlogged soil) 
Soil from Muresk is a sandy loam, low in organic matter and at low temperature 
(Barrett-Lennard et al., unpublished); soil from the Philippines is a clay, high in 
organic matter and at high temperature (no data for carbon dioxide or ethylene 
available; Ponnamperuma, 1984). 
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How waterlogging affects plant growth and 
development 
Visual symptoms of damage 
Visual symptoms of waterlogging damage to 
the shoots of plants include reduced growth, 
wilting, downward curvature of leaves, chloro-
sis (yellowing), premature senescence and leaf 
drop. 
During waterlogging root growth is slowed, 
root tips may be killed, and adventitious 
(secondary) roots may form at the base of the 
stem (see photo on page 51). Not all plants 
exhibit all these symptoms; for example, 
grasses and cereals show reduced growth, 
chlorosis of older leaves, depressed tillering, 
delayed maturation, and lower grain yield, but 
do not show downward curvature or wilting of 
leaves. 
To help survival, the roots of many grasses and 
cereals produce continuous gas spaces (ae-
renchyma) during waterlogging (see next 
section). In contrast, field peas, which have less 
tolerance to waterlogging, show extreme 
chlorosis (yellowing) and death of leaves, early 
senescence of the shoot, and no root adaptation 
by formation of aerenchyma. 
Why these symptoms develop 
Low concentrations of oxygen in the soil 
trigger the development of visual symptoms of 
waterlogging. As oxygen supply to the root 
declines, respiration within the root slows and 
alcoholic fermentation (See Definitions on page 
55) may increase to supply the energy needs of 
the plant. As the time in waterlogged soil in-
creases, there are also adverse increases in 
other gases, microelements and toxic organic 
acids. 
Decreased nutrient and water uptake. Low concen-
trations of oxygen in waterlogged soils de-
crease nutrient uptake by slowing root growth, 
lowering the availability of some nutrients and 
by reducing the energy available within the 
root for active uptake (Figure 2). 
Lower concentrations of the major plant 
nutrients, particularly nitrogen, are often found 
in the leaves of plants grown in waterlogged 
soils compared with those grown in well 
drained soils. During waterlogging the plants 
translocate nitrogen from older to younger 
leaves, giving rise to the characteristic yellow-
ing and early senescence of the lower, old 
leaves in cereals. 
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WATERLOGGING —> low oxygen -» low respiration -> low energy 
concentrations i 
low nutrient uptake 
it IT 
LOW ROOT -» LOW SHOOT 
GROWTH GROWTH 
Figure 2. How waterlogging 
affects mineral nutrition of 
plants (McFarlane et al., 
1989). 
Application of high levels of nitrogen (100 kg/ 
ha of ammonium nitrate) can delay the yellow-
ing and death of leaves and partly overcome 
reductions in yield of wheat, barley and oats in 
waterlogged Western Australian soils (McFar-
lane et al., 1989), though other elements may 
still be deficient. 
Mineral nutrition of lupins and peas is further 
affected because low concentrations of oxygen 
and high concentrations of carbon dioxide and 
ethylene can inhibit both nodulation and 
nitrogen-fixation. 
Hormonal relationships. Many of the visual 
symptoms which occur during waterlogging, 
such as downward curvature and premature 
senescence of the leaves, root branching and 
development of secondary roots at the base of 
the stem are mediated by hormones (Jackson 
and Drew, 1984). Plant hormones and their 
complex interactions are important in water-
logging but they are not yet fully understood. 
Toxins and pathogens. Although many toxins 
accumulate in the low-oxygen environment of 
waterlogged soils, not all are taken up by the 
plant. Toxic effects from organic acids are most 
likely with prolonged waterlogging under acid 
conditions and at high temperatures, condi-
tions which are unlikely to occur in our crop-
ping areas. 
Waterlogging will encourage competition for 
the available oxygen between microorganisms 
(whether they cause plant diseases or not) and 
roots. Thus the susceptibility of waterlogged 
plants to disease, and particularly root rotting 
fungi, will depend on the relative abilities of 
the microorganisms and plants to grow in 
anaerobic conditions. 
Intolerance of crops to waterlogging at different 
stages of growth. 
All crops appear least tolerant to waterlogging 
during germination and pre-emergence when 
growth depends on diffusion of oxygen 
through water films surrounding the seed. 
Thus at 20°C, five days of waterlogging can 
reduce emergence of wheat by 20 per cent in 
sandy soils but by 75 per cent in clays which 
drain more slowly and leave water films 
surrounding the seed for longer times. 
Figure 3. Scanning electron 
micrograph showing cross 
sections of Gamenya wheat 
roots without air channels (top 
photo) and kikuyu grass roots 
(bottom photo) with extensive 
air channels (aerenchyma). 
Aerenchyma are used to 
supply oxygen doion to 
growing root tips. 
The kikuyu grass root ivas 
collected from pastures at 
Albany after 120 days of 
waterlogging. White lines at 
base are 1 mm long. 
After emergence most crops seem less tolerant 
of waterlogging at early stages of growth than 
later in the season, although this depends 
strongly on local temperature, soil type and 
rainfall. Growth and yields of all the major 
field crops and pastures grown in Western 
Australia can be greatly depressed by water-
logging even in the cool winter months 
(McFarlane and Wheaton; Belford et ah; and 
McFarlane and Cox, this issue). 
How plants survive or grow during waterlog-
ging 
Plants resist the damaging effects of waterlog-
ging by either adapting to or tolerating the low 
oxygen environment. 
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Aerenchyma formation and development Changes in metabolism 
Aerenchyma are continuous gas filled channels 
inside roots. The formation of aerenchyma 
before or during waterlogging increases the 
oxygen supply to the growing root tips (Arm-
strong, 1979). Thus, oxygen diffusion through 
aerenchyma may allow survival and growth of 
roots in a soil environment essentially devoid 
of oxygen in the same way that a snorkel 
allows a diver to swim underwater. 
In rice which is adapted to waterlogging there 
is an extensive breakdown of the cortical cells 
in the middle region of the roots which results 
in formation of aerenchyma. Grasses such as 
wheat grown in well drained soils contain little 
aerenchyma in roots (Figure 3), but when 
waterlogged, the secondary root system 
develops some aerenchyma which may allow 
the plant to survive. There is evidence that 
triticale cultivars may be more tolerant of 
waterlogging than wheat cultivars because of a 
greater ability to form aerenchyma. 
When pasture grasses tolerant of waterlogging 
(for example, kikuyu) were collected from a 
waterlogged site at Albany, the aerenchyma in 
roots accounted for 70 per cent of the root 
volume (Figure 3). 
Sugar 
Drained Waterlogged 
Oxygen 
High energy production (36 ATP) 
Respiration produces carbon 
dioxide and water 
No oxygen 
Low energy production (2 ATP) 
Alcoholic fermentation produces 
alcohol and carbon dioxide 
High growth rates No growth or low growth 
rates 
Figure 4. Energy production (ATP) from sugar (glucose) and 
growth of plant roots and seeds m drained and waterlogged soil. 
In some instances plant tissues do not have 
aerenchyma or aerenchyma may not be appro-
priate for survival during waterlogging be-
cause the entire seed or seedling is under 
water; for example germinating seeds in a 
waterlogged soil. These tissues may survive 
and grow by using alcoholic fermentation to 
generate energy (see Definitions on page 55) 
and by producing antibiotics or substances 
capable of slowing growth of competing soil 
microorganisms or nearby plant roots. 
When there is no oxygen available for respira-
tion, alcoholic fermentation is the major 
pathway of energy production. Alcoholic 
fermentation does not need oxygen, but it 
produces one-eighteenth of the energy (ATP or 
adenosine triphosphate) per unit of sugar that 
is produced by respiration (Figure 4). Thus, all 
processes requiring energy proceed much more 
slowly, and may eventually stop in roots 
growing in waterlogged soil. 
Changes in patterns of root groivth 
Patterns of early root growth are important in 
helping plants tolerate waterlogging. During 
germination of wheat seeds the rate of elonga-
tion of coleoptiles (the colourless first leaf 
sheath that emerges from the seed) and roots 
slows at low concentrations of oxygen, but for 
rice the root growth rate slows while the 
growth of the coleoptiles may increase. This 
strategy in rice is better in waterlogged soils 
because the emerging coleoptiles could act as 
pathways for oxygen transport to the roots for 
respiration and growth. 
There is evidence that wheat cultivars which 
develop rapidly before waterlogging occurs 
may be more tolerant than slowly developing 
cultivars because they develop roots with 
aerenchyma earlier. The Wheat Research 
Committee of Western Australia is financing 
research to study the waterlogging tolerance of 
a wide range of wheat cultivars; this work 
includes measurement of rates of leaf and root 
development, and the development of ae-
renchyma in root tissues. 
When waterlogging kills part of the original 
root system of a developed plant, some plant 
species, for example maize, adapt by producing 
roots which grow horizontally from the base of 
the stem into the comparatively well aerated 
surface soil. With oil seed rape (canola) the 
existing roots grow upward to the better 
aerated surface soil. 
Plant species that neither produce new roots, 
nor modify the existing root system, invariably 
show little tolerance to excess water. 
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Balance of growth rates with oxygen supply Acknowledgements 
In some situations excess water may not have 
adverse effects on plants. If plants grow 
slowly after waterlogging starts they will not 
need as much oxygen as rapidly-growing 
plants. Thus, cultivars which grow slowly 
during waterlogging may be better able to 
survive if their oxygen requirements are met 
by the slow movement of water (and oxygen) 
that can occur through the soil profiles. 
In waterlogged subsoils there is often more 
oxygen than in topsoils because of lower 
consumption of oxygen by fewer roots and 
microorganisms; this, and the movement of 
water in subsoils, explains why trees are able 
to grow with roots well below the water table. 
Dependence on other plants 
Current research on pastures at Albany has 
indicated that subterranean clover which does 
not tolerate waterlogging may depend on 
grasses such as kikuyu for supplying oxygen to 
the root environment. 
Kikuyu develops prolific aerenchyma that may 
allow oxygen to diffuse into the soil, thus 
maintaining oxygen at an adequate level for 
clover to survive and grow. This symbiosis is 
likely to be more important in light soils low in 
organic matter than in clays since in sandy 
soils the oxygen is less likely to be consumed 
by soil microorganisms. Effects would be 
greater for tropical grasses such as kikuyu that 
are dormant during winter, and so use little of 
the oxygen diffusing down through its 
aerenchyma. 
Thus, in waterlogged pastures, grasses such as 
kikuyu may grow mainly in summer using 
nitrogen fixed from legumes, while clover may 
grow mainly in spring and autumn using 
oxygen which diffuses into the soil through 
aerenchyma of the grasses. Preliminary glass-
house experiments have shown that clover dies 
when kikuyu is removed from waterlogged 
pots of these two pasture plants. 
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Definitions and further details 
Aerobic 
Alcoholic fermentation 
Anaerobic 
Coleoptile 
Respiration 
Waterlogging 
Requiring oxygen. 
Alcoholic fermentation is a means of producing energy (ATP, 
adenosine triphosphate) from sugar. This process produces 
carbon dioxide and alcohol, and it does not require oxygen, 
however, it is 18 times less efficient than respiration. 
Not requiring oxygen. 
A sheath covering the first leaves of cereals as they emerge 
through the soil. 
Respiration is the major means of producing energy (ATP) from 
organic compounds including sugar. This process requires 
oxygen and produces carbon dioxide (Figure 4). 
A soil condition whereby excess water in the root zone inhibits 
gas exchange with the atmosphere above the soil surface 
(Figure 1). 
Arjen Ryder (left), Don 
McFarlane and Tim Setter 
measure dissolved gas 
concentrations from 
waterlogged pastures at 
Albany.. 
Evidence of gas space 
(aerenchyma) in roots of 
waterlogging tolerant plants 
can be shoivn physically by 
bubbles coming from cut ends 
of roots squeezed with a roller 
under water and chemically by 
the presence of iron oxide 
which colours roots orange. 
These roots are from rice 
grown in waterlogged soil. 
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